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Abstract

The IRF (Interferon Regulatory Factor) family member IRF-8 participates in transcriptional 

activation of ISRE (Interferon Stimulated Response Element) or GAS (Gamma interferon 

Activation Site) elements containing gene promotors, in response to IFN-γ. To test the role of 

IRF-8 in host defenses against tuberculosis, BXH-2 mice which bear a defective IRF-8R294C 

allele, were challenged with low-doses of virulent Mycobacterium tuberculosis via the intravenous 

and aerosol routes. BXH-2 mice were found to be extremely susceptible to M. tuberculosis, as 

demonstrated by rapid and uncontrolled microbial replication in spleen, liver and lungs leading to 

very early death. The BXH-2 defect was expressed very early (10 days post-infection) as 

uncontrolled intracellular pathogen replication in Nos2 expressing lung macrophages, impaired 

granuloma formation, rapid dissemination of the infection to distant sites, and rapid necrosis of 

infected tissues. There was complete absence of IL-12p40 induction, severely reduced IFN-γ 

production, and impaired T cell priming in the lungs of infected BXH-2, highlighting the critical 

role of IRF-8 in this process. Collectively, these results identify IRF-8 as a critical regulator of 

host defenses against TB.

Keywords

rodent; bacterial; monocytes/macrophages; gene regulation; lung

Introduction

Pulmonary tuberculosis (TB) remains a global health problem of enormous proportions. It is 

estimated that one third of the world population has been exposed to, or carry the pathogen 

(1), with approximately 8 million new cases of active disease per year (2) with 1-1.5 million 

death annually. The encounter of Mycobacterium tuberculosis with its human host may have 

§P.G. is a James McGill Professor of Biochemistry and a Distinguished Scientist of the Canadian Institutes of Health Research 
(CIHR). J.-F.M. is supported by a fellowship from the Fonds de Recherche en Santé du Québec. This work was supported by grant 
AI035237 to PG from the National Institutes of Health USA (NIAID), and grant AI069161 to RJN also from the NIAID.
*Corresponding author: Philippe Gros, PhD, Department of Biochemistry, McGill University, Bellini Building, 3649 Promenade Sir 
William Osler, Room 3830, Montréal (Québec), Canada H3G 0B1; Phone: (514) 398-7291, Fax: (514) 398-2603, 
philippe.gros@mcgill.ca. 

NIH Public Access
Author Manuscript
J Immunol. Author manuscript; available in PMC 2015 January 27.

Published in final edited form as:
J Immunol. 2009 March 1; 182(5): 3008–3015. doi:10.4049/jimmunol.0800680.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



different outcomes, ranging from asymptomatic infection, to severe progressive pulmonary 

or extra-pulmonary TB. Humans can remain healthy carriers for years but may develop TB, 

following a process known as reactivation. The relatively low fraction of individuals 

exposed to M. tuberculosis that go on to develop active TB suggest that humans possess 

robust innate and immune host defenses against this pathogen. However, the nature of such 

protective immune defenses and the reason why their failure leads to active TB or long-term 

persistence of M. tuberculosis in mononuclear phagocytes remain poorly understood. It has 

been established that both virulence factors of M. tuberculosis, and genetic determinants of 

the host contribute to the onset, progression and ultimate outcome of disease (3).

Briefly, studies in humans and in animal models suggest that M. tuberculosis transmitted via 

the aerosol route, is taken up by lung mononuclear phagocytes where it survives 

intracellularly by inhibiting phagosome maturation (4). Infected phagocytes (macrophages, 

monocytes, dendritic cells) migrate to peripheral lymph nodes to prime T-cells, which then 

migrate to the lungs to initiate the formation of characteristic multicellular structures within 

infected-lung tissue called granulomas, which are composed of macrophages, lymphocytes 

and epithelial cells. Macrophages secrete IL-12 and IL-23 (heterodimeric cytokines 

composed of a common p40 subunit and unique p35 and p19 subunits, respectively) to 

activate T lymphocyte response (polarization of Th1 phenotype). CD4+ and CD8+ T cells 

recognize bacterial antigens presented by phagocytes in association with Class II and Class I 

MHC molecules, respectively, and secrete type I cytokines, most importantly IFN-γ and 

TNF-α that result in macrophage activation, and enhanced bactericidal activity (5). The 

formation and maintenance of granulomas, and the production of protective type I cytokines 

play a central role in containing M. tuberculosis infection. The critical role of IL-12 and 

IFN-γ in protective host response is highlighted by the observation that mutant mice 

deficient in the p40 component (lack both IL-12 and IL-23) or in IFN-γ are highly 

susceptible to M. tuberculosis infection (6-9). Sustained production of IL-12 throughout the 

infection is necessary but not sufficient to maintain antibacterial immunity in the host (9). 

Moreover, the absence of IL-12 alone (p35 subunit mutant) is not as detrimental to the host 

for response to M. tuberculosis as the absence of p40 (10). Finally, the study of the 

Mendelian susceptibility to mycobacterial diseases (MSMD) syndrome (MIM 209950) 

which is associated with severe clinical disease in otherwise healthy individuals caused by 

weakly virulent mycobacterial species, such as BCG (bacilli Calmette-Guérin) vaccines and 

non-tuberculous, environmental mycobacteria (EM), as well as virulent species M. 

tuberculosis, has identified loss of function mutations in the IFN-γ receptors 1 and 2, IL12-

p40, IL12 receptor β1, STAT1 and NEMO (reviewed in (11)).

Epidemiological data including geographical distribution, familial aggregation, and twin 

studies have suggested that a complex set of additional genetic factors may play a role in the 

outcome of infection with M. tuberculosis (3). Such genetic effects may reflect modulation 

of important proteins and biochemical pathways required for effective defenses against M. 

tuberculosis. The complex genetic component of susceptibility to TB in humans has been 

extensively studied in mouse models, using either virulent M. tuberculosis or avirulent M. 

bovis (BCG), as infectious agents. Differential susceptibility to M. tuberculosis in inbred 

mouse strains is genetically complex, and phenotypically expressed as different rates of 
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pulmonary microbial replication, distinct histopathology, robustness of inflammatory 

response in situ, and survival time. The high susceptibility of C3HeB/FeJ mice to pulmonary 

TB (sst1 locus; super-susceptibility tuberculosis) has been shown to be caused by 

rearrangement in the Ipr1 (Intracellular pathogen resistance 1) gene that codes for a protein 

(Ifi75; interferon-induced protein 75) regulating apoptotic response of macrophage 

following phagocytosis of M. tuberculosis (12). In addition, the study of differential 

susceptibility of strain pairs DBA/2 (S):C57Bl/6J (R) and I/St (S):A/Sn (R) to pulmonary 

TB has led to the mapping of multiple Trl (Trl1-4; Tuberculosis Resistance Loci) and Tbs 

(Tbs1-2; Tuberculosis Severity) loci, respectively (13-15). On the other hand, differential 

susceptibility of inbred mouse strains to infection with less virulent mycobacteria including 

M. bovis (BCG) is caused by a two alleles system at the Nramp1/Slc11a1 gene 

(Nramp1G169, R; Nramp1D169, S), that codes for a metal efflux pump (e.g., Mn2+, Fe2+ and 

Zn2+) expressed at the phagosomal membrane (16, 17).

BXH-2 is a recombinant inbred mouse strain derived from C3H/HeJ (C3H) and C57BL/6J 

(B6) (18). Despite a C3H-derived resistance Nramp1G169 allele, BXH-2 is susceptible to 

infection with M. bovis (BCG), suggesting the presence of a genetic modifier of Nramp1 

fixed in this strain (19). In addition, BXH-2 mice develop by one year of age a progressive 

and fatal myeloid leukemia caused by replication and genomic insertions of a B-ecotropic 

murine leukemia virus, suggesting a further defect in viral immune surveillance in these 

animals (20-23). We previously showed that both phenotypes are caused by a mutation in 

the Icsbp1 (interferon consensus sequence–binding protein 1) gene, also known as interferon 

regulatory factor 8 (IRF-8) (19). Members of the IRF family of transcriptional co-activators 

are composed of an N-terminal DNA binding domain and a C-terminal IRF association 

domain (IAD). IRF-8 acts as a co-activator with IRF-1 to stimulate transcription of IFN-γ 

responsive genes that bear an ISRE (Interferon Stimulated Response Element) sequence 

element in their regulatory regions, including IL12-p40, but can also act as a co-repressor 

with IRF-2 to antagonize IRF-1 dependent transcriptional activation. IRF-8 can further 

heterodimerize with PU.1 and other Ets proteins to activate transcription of genes containing 

GAS (gamma interferon activation site) or EICE (Ets/IRF composite element) promotor 

elements, including Igκ, p67phox, p91phox, CD20, IL1, Tlr4, and members of the 

macrophage scavenger receptor family (for review, see Levi et al. (24)). BXH-2 mice carry a 

R294C mutation within the predicted IRF-association domain of the protein. The R294C 

allele is associated with a complete failure of BXH-2 splenocytes to produce IL-12 and IFN-

γ in vitro in response to activating stimuli (19). In vivo, homozygosity for the C294 allele at 

IRF-8 abrogates the protective effect of Nramp1G169 alleles against M. bovis (BCG) 

infection, with continuous growth in the spleen associated with absence of granuloma 

formation (19). In addition, the effect of the IRF-8R294C mutation appears pleiotropic as 

BXH-2 mice also show susceptibility to infection with unrelated pathogens such as 

Salmonella typhimurium and Plasmodium chabaudi (25).

We have evaluated the effect of the IRF-8R294C mutation on response of BXH-2 mice to 

intravenous and aerosol challenges with virulent M. tuberculosis. These experiments show 

extreme susceptibility of BXH-2 to M. tuberculosis, including uncontrolled replication, 
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quick dissemination, and rapidly fatal disease. These findings identify IRF-8 as an important 

regulator of host defenses against TB.

Materials and Methods

Animals

C57BL/6J (B6) and C3H/HeJ (C3H) mice were from the Trudeau Institute (Saranac Lake, 

NY). Recombinant inbred BXH-2 mice were obtained from N. Copeland and N. Jenkin 

(National Cancer Institute, Frederick, MD) and subsequently maintained as a breeding 

colony at McGill University. All mice were housed under standard laboratory conditions and 

were free of common viral pathogens. Male and female mice 8 to 10 weeks of age were used 

for infection. All experimental procedures involving mice were approved by the Institutional 

Animal Care and Use Committee of the Trudeau Institute.

Infection with M. tuberculosis

M. tuberculosis strain H37Rv was obtained from the Trudeau Mycobacterial Culture 

Collection as a frozen (-70°C) stock dispersed in Proskauer and Beck medium (Difco) 

containing 0.01% Tween 80. A vial was thawed, subjected to 5 seconds ultrasound to break 

up aggregates, and diluted in PBS containing 0.01% Tween 80 for inoculation (104 colony-

forming units; CFUs) via a lateral tail vein. Infection via the respiratory route (102 CFUs) 

was achieved by subjecting the mice to aerosolized bacilli in a Middlebrook airborne 

infection apparatus (Tri Instruments, Jamaica, NY). Bacilli were enumerated in major 

organs (lungs, spleen and liver) at different times after inoculation by preparing 

homogenates in PBS containing 0.05% Tween 80 and by plating 10-fold serial dilutions of 

the homogenates on Middlebrook 7H11 agar (Difco).

Microarray analysis

Total lung RNA (three individual samples per experimental group; 9 in total) from controls 

and from M. tuberculosis-infected (for 30 and 70 days) B6 mice were used for 

transcriptional profiling with Affymetrix oligos chips (Mouse Genome 430 2.0 array), 

according to the manufacturer's recommendations. To minimize technical variability, RNA 

processing steps (RNA extraction, probe labeling and microarray hybridization) were 

executed in parallel for all samples. The GeneSifter™ microarray data analysis system (VizX 

Labs, Seattle, WA, USA; www.genesifter.net) was used to analyze data generated from 

comparisons between control (uninfected) and M. tuberculosis-infected (Day 30 and 70) 

groups for B6 mice. Data were normalized by the robust multi-array average (RMA) 

algorithm. Ratios of expression (fold change in comparison to uninfected controls) were 

individually determined for B6 mice following 30 and 70 days of infection. All genes 

evaluated were statistically significant with a t test p value < 0.05 and a q value of 0.005. 

Complete microarray data (accession number: E-MEXP-1899) has been deposited in the 

ArrayExpress database (www.ebi.ac.uk/microarray-as/ae/).

mRNA expression studies by RT-PCR

Mice were sacrificed, and their lungs were rapidly homogenized in TRI REAGENT™ 

(SIGMA) using a polytron. Total RNA was extracted according to the manufacturer's 
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recommendations, and RNA integrity was verified by electrophoresis on a 1% agarose gel 

containing formaldehyde. The expression of individual mRNAs was measured by PCR 

amplification of cDNA transcripts generated by reverse transcriptase (RT-PCR) as 

previously described (26). For PCR amplification (Taq DNA Polymerase; Invitrogen), 2.5% 

of the RT template was used with the following thermocycler parameters: initial 

denaturation step (3 min at 94°C), 25-30 amplification cycles (30 s at 94°C, 30 s at 55°C, 45 

s at 72°C) and a final elongation step (7 min at 72°C). PCR primer pairs were designed 

according to the reported gene sequences for IRF-8, IFN-γ, IL-12p40, TNF-α, Nos2, and β-

actin (internal control). PCR products were resolved by electrophoresis on 1.2% agarose 

gels containing ethidium bromide and were photographed under UV.

Determination of cytokine production

The serum levels of IFN-γ, IL-12(p70), TNF-α, MCP-1 and other cytokines (total of 13 

tested) 30 days following M. tuberculosis infection were quantified using the Luminex 

xMAP technology (Milliplex™, Mouse Cytokine Panel – 13 Plex, Millipore; 

www.millipore.com/drugdiscovery). This technology simultaneously detects multiple 

analytes in a small sample volume (5-50 μl) and cross-reactivity between the antibodies and 

any of the other analytes in this panel is negligible.

Enumeration of CD4 and CD8 T cells by Flow cytometry and Elispot assay

Mice were euthanized, and their lungs were perfused with PBS containing 10 U/ml of 

heparin to remove intravascular leukocytes. The lungs were then perfused with an enzyme 

cocktail consisting of 150 U/ml of collagenase, 0.2 U/ml of elastase (Roche Applied 

Science) and 1 mg/ml of DNase (Sigma) in RPMI. The lungs were removed, diced into 

small fragments, subjected to further enzyme digestion before being mechanically disrupted 

to form a single cell suspension (27). Total lung cells were suspended in RPMI-FCS in two 

5 ml tubes at 1 × 107/ml, and incubated with Brefeldin A (10μg/ml, 5 h at 37°C; Epicenter 

Technologies). They were then stained for flow cytometry with FITC-anti-CD3, R-

phycoerythrin-anti-CD4, and Peridinin chlorophyll protein-anti-CD8 mAbs. After fixation 

overnight in 0.5% paraformaldehyde they were stained for intracellular IFN-γ with 

allophycocyanin-anti-IFN-γ mAb, as described previously (27), and analyzed by FACS 

(Calibur flow cytometer; BD Biosciences) using Cell Quest software (BD Biosciences). The 

total number of cells recovered from lungs (at day 15 and day 30) was very similar for all 

mouse strains (with a maximum difference of 1.9 fold seen for C3H lungs at day 15). The 

number of CD4+ cells and CD8+ cells in the lungs were also equivalent in all mouse strains. 

Changes in the total number of Ag-specific T cells in the lungs capable of making IFN-γ in 

response to M. tuberculosis antigens were determined using the Elispot assay (Mouse IFN-γ 

ELISPOT Set, BD Biosciences), according to the manufacturer's instructions (27, 28). The 

M. tuberculosis antigen preparation used to stimulate IFN-γ production was a sonicated 

extract of a M. tuberculosis culture (27). In all cases, the results were obtained with pooled 

lung cells from 4 mice per experimental group and measurements were performed in 

triplicates.
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Immunocytochemistry

Lungs were fixed by intratracheal infusion of 10% buffered formalin followed by immersion 

in the same fixative for 24 h at room temperature. Livers were also fixed in 10% buffered 

formalin for 24 h. Lung lobes and livers were embedded in wax and sectioned according to 

standard procedures. Immunocytochemistry was performed to detect NOS2 in lung and liver 

sections, after which the sections were stained for acid-fast bacteria, as described previously 

(29). Briefly, immunocytochemistry involved reacting tissue sections with affinity-purified, 

monospecific rabbit anti-mouse NOS2 Ig, as the primary reagent, with biotinylated goat Ig 

anti-rabbit Ig as the second reagent, and with avidin-coupled biotinylated horse radish 

peroxidase with diaminobenzidine as the substrate to produce a brown reaction product. 

Sections were stained for acid-fast bacilli (30) and counterstained with methylene blue. 

Controls consisted of sections treated in the same way except that control rabbit Ig was 

substituted for rabbit anti-NOS2 Ig as the primary reagent. Photomicrography was 

performed with a Nikon Microphot-Fx microscope fitted with a Spot RT Slider camera 

(Diagnostic Instruments Inc.) using Spot RT Software for image acquisition.

Results

Following aerosol infection, pulmonary replication of M. tuberculosis in innately resistant 

(e.g. C57BL/6J; B6) and susceptible (e.g. DBA/2J; D2) mouse strains follows a biphasic 

course. During the first 30 days, M. tuberculosis replicates rapidly in the lungs of both types 

of mice. Subsequently, there is continuing microbial replication in susceptible strains 

accompanied by strong inflammatory response, severe tissue injury and premature death. By 

contrast, the infection is held stationary during that period (>30d) in resistant mice, a 

phenomenon associated with proficient granuloma formation, less severe pathology, and 

increased survival (5). To search for cell populations, physiological responses and 

biochemical pathways underlying protective anti-TB host responses in resistant B6 mice, we 

carried out transcriptional profiling analysis of normal and M. tuberculosis-infected lungs at 

different times following infection. We initially investigated day 30 lung RNAs (infected vs. 

non-infected), as resistant B6 mice start to restrict pulmonary bacterial replication at that 

time, and therefore are likely to express genes contributing to protection. Of the large 

number of 4,240 genes significantly regulated 30 days following M. tuberculosis infection (t 

test p value < 0.05, cutoff at 2-fold change; q value of 0.005), gene ontology analysis 

identified 232 genes associated with “immune response” (data not shown). A parallel gene 

list was generated from day 70 lung RNAs, a time point where resistant B6 mice still control 

infection, and therefore are likely to retain expression of protective genes. Comparison of 

the day 30 and day 70 gene lists revealed 63% overlap between the two in immune 

response-associated genes. Although this transcripts list included obvious actors such as 

IFN-γ, TNF, and IL-12 (IL-12p40), it also identified IRF-8 (Icsbp1) as a gene which 

pulmonary expression is up-regulated in response to, and throughout the course of M. 

tuberculosis infection (Fig. 1A). Up-regulation of IRF-8 (and IFN-γ, TNF, IL-12p40) in 

response to M. tuberculosis exposure was validated by RT-PCR (Fig. 1B). The observed 

induction of IRF-8 mRNA in response to M. tuberculosis infection together with the 

previously noted susceptibility of BXH-2 mice to infection with attenuated M. bovis (BCG) 

(25), suggested that IRF-8 may play a critical role in host defenses against M. tuberculosis.
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This was directly tested by infecting IRF-8-deficient BXH-2 mice (IRF-8R294C) with M. 

tuberculosis via different routes, and by following the infection with respect to microbial 

replication in different organs, cytokine response, type of pathology developed and survival 

time. In these experiments, innately resistant C57BL/6J (B6, IRF-8R294) and susceptible 

C3H/HeJ (C3H, IRF-8R294) mice were used as parental controls for BXH-2 (IRF-8C294). In 

a first set of experiments, mice were infected intravenously (i.v) with low-dose (104 CFUs) 

of M. tuberculosis H37Rv, and survival to infection was monitored. At this infectious dose, 

all B6 animals survived the 250 days observation period, while susceptible C3H controls 

showed a mean survival time (MST) of approximately 100 days, with all animals 

succumbing from infection by day 160. Surprisingly, there was uniform and precipitous 

death in BXH-2, with all animals succumbing within 22 days following i.v infection, 

suggesting extreme susceptibility of these animals to M. tuberculosis (Fig. 2A). In a second 

set of experiments, bacterial replication following i.v infection (104 CFUs) was monitored at 

day 10 and day 19 in spleen, liver and lungs in two independent experiments (Fig. 2, B and 

C). At day 10 (and day 19), significantly greater numbers of bacilli were recovered from 

liver and spleen of all groups compared to lungs, in agreement with published observations 

that only 0.1% of M. tuberculosis introduced i.v implants in the lungs, compared to 99% in 

liver and spleen (5). Although CFU counts were comparable in all organs in B6 and C3H at 

this early time point (day 10), BXH-2 mice already showed a significant increase (∼1-1.5 

log) in microbial replication in the three organs (Fig. 2B). At day 19 post-infection (Fig. 

2C), a modest but notable 1 log increase in CFU counts was detected in organs of permissive 

C3H mice compared to resistant B6 controls. However, over the same period, there was a 

dramatic 3 logs increase (7-8.5 logs total) in M. tuberculosis load in the spleen, liver and 

lungs of BXH-2 mice. These early results indicate that BXH-2 mice are hyper-susceptible to 

infection with M. tuberculosis. Loss of IRF-8 function in BXH-2 is expressed very early 

following infection as impaired innate response to the pathogen, associated with 

uncontrolled M. tuberculosis replication in all organs, leading to precipitous death of the 

animals.

In a third set of experiments, BXH-2 mice (and B6 and C3H controls) were infected by the 

aerosol route with a low inoculum of M. tuberculosis (102 CFUs), and the extent of 

microbial replication at day 45 post-infection was assessed in the lungs, liver and spleen 

(Fig. 3B). Day 45 was selected arbitrarily, as the day following the first death recorded in 

the infected BXH-2 group. In control B6 and C3H mice, there was active and similar level 

of M. tuberculosis replication in the lungs (∼6.5 log), with additional dissemination and 

replication in liver (4-4.5 logs) and spleen (4.5-5 logs) both accounting for less than 1-5% of 

total microbial loads in these mice. The picture was strikingly different in BXH-2: Not only 

was there superior pulmonary M. tuberculosis replication (∼7.5 logs) compared to controls 

(∼ 6.5 logs), but massive bacterial loads were also detected in BXH-2 livers (∼7 logs) and 

spleens (∼7 logs), 100 to 1000 times larger than those seen in controls. The same 

experiment was repeated, but this time bacterial counts were monitored in spleen, liver and 

lungs at an earlier 30 days time point (Fig. 3A). Very similar results were obtained, with 

BXH-2 mice showing spleen and liver CFU counts at least 10-50 times higher than those 

monitored in control B6 and C3H mice (Fig. 3A). These results suggest that loss of IRF-8 

function in BXH-2 impairs not only their ability to control microbial replication at the site of 
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infection, but also their capacity to contain the infection at the entry point resulting in rapid 

dissemination to distant sites.

An intact IFN-γ/IL-12 cytokine loop is required for granuloma formation in vivo, a key 

protective response to M. tuberculosis infection. IL-12 (and to a certain extent, IL-23 and 

IL-27) stimulates IFN-γ production. IFN-γ stimulates expression of genes containing ISRE 

promotor elements (including IRF-8) and is also critical for the expression of a number of 

protective responses including effector molecules and bactericidal enzymes synthesized by 

cells within the granuloma (31). To try to better understand what aspect of anti-tuberculous 

host response is impaired in BXH-2 and hence directed by IRF-8, we monitored the level of 

mRNA expression in infected lungs of certain genes known to play a role in protection 

against TB, including IL-12p40, IFN-γ, TNF-α, NOS2, and IRF-8 itself, in the lungs of 

mutant and control mice prior to and following M. tuberculosis infection (day 45) (Fig. 4). 

There was robust induction of IFN-γ, TNF-α, and NOS2 mRNA expression in infected lungs 

of BXH-2, as well as B6 and C3H controls, suggesting that this normal response was not 

affected by the absence of functional IRF-8. IRF-8 expression was elevated in response to 

M. tuberculosis infection in all mouse strains, although the endogenous level of non-

functional IRF-8R294C mRNA was somewhat elevated in BXH-2 (possible compensatory 

mechanism in response to a non-functional protein). This suggests that transcriptional 

activation of target genes such as IRF-8 and NOS2 is intact in all strains. However, although 

infected lungs from B6 and C3H mice showed robust IL-12p40 mRNA up-regulation 

following M. tuberculosis infection, there was a complete absence of IL-12p40 induction in 

BXH-2 (Fig. 4). Similar RNA expression profiles were also detected at an earlier day 30 

time point (data not shown).

The serum level of 13 cytokines, including IFN-γ, IL-12(p70), MCP-1 and TNF-α was 

monitored at day 30 post-infection in control and BXH-2 mice (Fig. 5, and data not shown). 

IFN-γ production was clearly detected in the serum of B6 (resistant), but not in the serum of 

either BXH-2 (super-susceptible) or C3H (susceptible) mice. Likewise, there was complete 

absence of IL-12(p70) production in BXH-2 mice, while low and robust levels of this key 

cytokine were detected in C3H and B6 controls (Fig. 5). On the other hand, the BXH-2 mice 

produced higher levels of MCP-1 (Monocyte Chemoattractant Protein-1) in response to 

infection than did B6 and C3H mice (Fig.5). This may reflect a compensatory inflammatory 

mechanism in response to the mounting bacterial loads rapid dissemination of infection in 

BXH-2. Finally, low levels of TNF-α (Tumor Necrosis Factor alpha) were equally detected 

in all 3 strains (Fig. 5). These results suggest that systemic production of IL-12(p70) and 

IFN-γ is impaired in BXH-2 mice.

We also investigated the effect of loss of IRF-8 function on the type and extent of Th1 

response during M. tuberculosis aerosol infection. In this experiment, lungs were harvested 

from a separate set of B6, C3H and BXH-2 infected animals and the number of IFN-γ 

producing CD4+ and CD8+ T cells were enumerated at 15 and 30 days post-infection by 

FACS analysis (Fig. 6A). In parallel, the capacity of these T cell populations to secrete IFN-

γ in response to stimulation with M. tuberculosis antigens was also evaluated by Elispot 

assay using total lung cells (Fig. 6B). There was a very robust accumulation of IFN-γ 

producing CD4+ T cells in B6 lungs (7.8 × 104) at day 30, but significant numbers of these T 
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cells were also detected in the lungs of infected C3H (1.8 × 104) and BXH-2 (1.5 × 104) 

mice (Fig. 6A, left axis). This IFN-γ producing CD4+ T cells response was stronger at day 

30 than day 15 post-infection (Fig. 6A, left axis). Similar profiles of IFN-γ producing CD8+ 

T cells were also observed at day 30 post-infection, but overall numbers were lower than 

IFN-γ producing CD4+ T cells (Fig. 6A, right axis). However, when tested by Elispot assay, 

total lung cells isolated from B6 and C3H mice readily produced IFN-γ at detectable levels 

in response to M. tuberculosis antigens, while cells from BXH-2 mice produced amounts 

barely above background (7.8 and 14.5 times lower than for C3H and B6 cells, respectively) 

(Fig. 6B). These results suggest that in BXH-2, T cells produced during M. tuberculosis 

infection do not secrete IFN-γ when stimulated with M. tuberculosis antigens. Together, this 

suggest that a major consequence of loss of IRF-8 function in BXH-2 mice, which leads to 

super-susceptibility to M. tuberculosis, is associated with the absence of production/

secretion of either IL-12p40 (IL-12p70) or IFN-γ or both, in response to infection. The 

severely reduced or absent levels of IFN-γ secretion seems to be associated with the inability 

of CD4+ or CD8+ T cells to release this cytokine in response to specific antigenic 

stimulation, which suggests impaired T cells priming in these mice.

The effect of loss of IRF-8 function on response to M. tuberculosis infection was further 

examined at the cell and tissue levels by histochemistry, with a special emphasis on the 

number, type and cellular composition of granulomas, including presence of acid-fast bacilli 

in Nos2+ and Nos2- cells. For this, lungs (Fig. 7, A-D) and liver (Fig. 7, E-H) sections of B6 

and BXH-2 mice were examined 45 days following aerosol infection with M. tuberculosis. 

In infected B6 lungs, lesions were seen as regions of macrophage-dominated alveolitis in 

proximity to or surrounding large aggregates of lymphoid cells (Fig. 7A). Infected 

macrophages were large with a foamy cytoplasm, stained positively for Nos2, and contained 

acid-fast bacilli in small number (Fig. 7B). In infected BXH-2 lungs (Fig. 7C), lesions were 

larger and more diffuse than in B6 lungs, and consisted of an alveolitis dominated by Nos2+ 

infected macrophages; areas of alveolitis contained macrophages replete with acid-fast 

bacilli (Fig. 7D). Distinctly, lymphoid aggregates were much less present in BXH-2 lesions 

(Fig. 7C) compared to those seen in B6 mice (Fig. 7A). In agreement with results of lung 

CFU counts (Fig. 2, B and C; and Fig. 3), BXH-2 pulmonary macrophages appear much less 

capable of controlling M. tuberculosis growth than those of B6 mice. In the livers of infected 

B6 mice, a few well-structured granulomas were observed (Fig. 7E). They consisted of a 

small core of Nos2+ macrophages containing very few acid fast bacilli, and surrounded by a 

mantel of smaller mononuclear cells, likely to be lymphocytes (Fig. 7F). The situation was 

very different in infected BXH-2 livers, which pathology was dominated by areas of 

necrosis and extensive myeloid cells infiltration that replaced liver parenchyma that 

originally occupied these spaces (Fig. 7G and data not shown). Few granulomas were also 

seen in BXH-2 livers, but they were less structured and strikingly different from those seen 

in B6 livers, consisting of a core of heavily-infected Nos2+ macrophages surrounded by a 

mantle of mononuclear cells and neutrophils. Other types of lesions were detected in BXH-2 

livers, consisting of large areas of myelomonocytic cell infiltration containing a mixture of 

infected Nos2+ or Nos2- macrophages (Fig. 7H) surrounded by neutrophils. These lesions 

were associated with necrosis of surrounding hepatic tissues (data not shown). Finally, acid 

fast bacilli were commonly seen scattered throughout the liver sinusoids inside Kuppfer 
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cells or in small collections of monocytes or neutrophils. Taken together, these results 

suggest that BXH-2 macrophages cannot contain M. tuberculosis replication, and are found 

within unique lesions that are distinct from those seen in control B6 organs.

Discussion

A large body of published literature indicates that the IFN-γ/IL-12 signaling loop plays a 

critical role in defenses against intracellular infections, including M. tuberculosis. Following 

phagocytosis of M. tuberculosis, macrophages produce IL-12 and IL-23, two cytokines 

composed of a common p40 subunit and specific p35 and p19 subunits, respectively. IL-12 

(and to lesser extent IL-23) bind to cell surface receptors expressed on T-lymphocytes and 

NK cells, and act as a powerful stimulator of IFN-γ production by these cells. In turn, IFN-γ 

binds to specific receptors (IFNγR1, IFNγR2) on macrophages and dendritic cells, causing 

STAT1 activation and nuclear translocation. STAT1 binds to GAS (gamma interferon 

activation site) elements in the promotor region and activates transcription of the IRF-8 

gene; IRF-8 heterodimerizes with IRF-1 to bind to ISRE promotor elements and stimulate 

transcription of the IL-12p40 gene leading to further activation of CD4+ T cells and NK 

cells to produce IFN-γ, thereby amplifying the initial signal (we have noted up-regulation of 

both IRF-1 and IRF-8 mRNAs in the lungs throughout M. tuberculosis infection; data not 

shown). This results in Th1 polarization of the early immune response to infection. In 

addition, STAT1 and IRF-8 (through heterodimerization with other IRF proteins or with 

members of the ETS family) act to transcriptionally activate a number of genes and proteins, 

including microbicidal pathways and effector molecules, thereby triggering a potent 

biological response to increase bactericidal activity of phagocytes. IL-12p40 and IFN-γ are 

both required for immune defenses against TB, and mutant animals lacking either genes are 

susceptible to M. tuberculosis (6-9). Likewise, IRF-1 and STAT1 mutants show increased 

susceptibility to TB (32, 33). Finally, in humans, mutations in IL-12p40 and its receptor, in 

IFN-γ and its receptor, as well as in STAT1 and Iκβ kinase γ have been detected in rare 

patients developing mycobacteriosis following M. bovis (BCG) immunization (reviewed in 

(11)).

Our results now demonstrate that mice bearing a loss-of-function mutation in IRF-8 are 

extremely susceptible to infection with M. tuberculosis. This may be linked in part to their 

loss of production of IL-12p40 mRNA and protein, as observed either in vivo in response to 

M. tuberculosis (this study), or in vitro in splenocytes stimulated with CpG and LPS (25). 

However, the observation that BXH-2 mice seem to be as or more susceptible to M. 

tuberculosis infection than either mouse knock-out for IL-12p40 (34) or IFN-γ (7, 35, 36) 

requires additional consideration. Indeed, following i.v infection with M. tuberculosis, 

BXH-2 mice succumb earlier (MST, day22) than IL-12p40 (MST, day55) or even IFN-γ 

(MST, day35) mutants (the latter known as the most TB susceptible mouse mutant 

published), even though the infectious dose used to challenge BXH-2 mice was 10 fold 

lower than that used to test the IL-12p40 (34) and IFN-γ (36) mutants. This raises the 

interesting possibility that IRF-8 may regulate additional host defense mechanisms (in 

addition to IL-12p40) that are essential for protection against TB, and that are lost in 

BXH-2. As a result, the R294C mutation may therefore abrogate transcriptional activation 

with co-activators IRF-1 and PU-1 (11, 24) of additional genes and proteins beneficial for 
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host response against TB. Such candidates for IRF-8 and IRF-1 transcriptional activation 

may be included in the list recently published by Dror and colleagues and obtained by 

transcriptional profiling (37). Interestingly, BXH-2 are also more susceptible to TB than 

mouse mutants lacking IRF-1 (33). Alternatively, the R294C mutation may abrogate 

negative regulation of certain targets which expression is normally repressed by IRF-8 upon 

hetero-dimerization with IRF-2 and IRF-4 (11, 24, 25). Identifying such pathways and genes 

would be a great interest to understand protective immunity against TB.

Interestingly, and based on RT-PCR results (Fig. 4 and data not shown), the extreme 

susceptibility of BXH-2 seems to occur despite expression of IFN-γ mRNA in infected 

lungs. FACS analyses further reveals recruitment of IFN-γ positive CD4+ and CD8+ T-cells 

in BXH-2 lungs in response to M. tuberculosis infection (Fig. 6A), possibly representing the 

source of IFN-γ mRNA detected in this tissue by RT-PCR (Fig. 4 and data not shown). 

However, we also observed that total cells purified from BXH-2 infected lungs fail to 

release IFN-γ when stimulated by M. tuberculosis antigens in vitro (Fig. 6B), which is also 

in agreement with the lack of IFN-γ production in the serum of these mice (Fig. 5). This 

leads us to conclude that IRF-8 plays a critical role in a) directly regulating expression of 

certain genes and proteins (such as IL-12p40) that are required for IFN-γ production by 

antigen-specific T cells in response to infection, or b) influencing the maturation of specific 

myeloid or lymphocytic subsets that are required for proper T cell priming for IFN-γ 

production. Indeed, it has been demonstrated that CD8α+ DCs and pDCs (plasmacytoid 

dendritic cells) are largely missing in IRF-8-/- mice (38-41). Furthermore, it has been 

reported that IRF-8-/- DCs fail to produce IL-12p40 or IFN-α in response to various 

pathogen-associated molecular patterns (PAMPs) or Newcastle disease virus (NDV) (38-40, 

42). Since total lung cells were used in our Elispot assays, such a deficit in DC populations 

in BXH-2 (IRF-8 mutant) mice is likely to contribute to their impaired T cells priming, and 

consequently to their incapacity to release IFN-γ following specific antigenic stimulation. 

However, we cannot formally rule out the possibility that there is low level production of 

IFN-γ production in situ in infected BXH-2 lungs which may be sufficient to stimulate iNOS 

expression in macrophages. However, this low level IFN-γ production is clearly inferior to 

B6 and C3H controls, and is certainly insufficient to restrict replication and dissemination of 

M. tuberculosis in these infected mice.

At the cellular level, our findings suggest a dual effect of the R294C mutation in IRF-8 on 

host response. First, there is a striking early defect which is detected within a few days 

following infection, and which is manifested by increased CFU counts in infected tissues 

following i.v infection (Fig. 2, B and C). This defect would appear to be intrinsic to infected 

phagocytes (macrophages, dendritic cells) and to result from a failure to suppress 

intracellular replication of M. tuberculosis. We have noted a similar failure of BXH-2 

macrophages to control intracellular replication of Legionella following infection ex vivo 

(Fortier and Gros, unpublished observations). Although IRF-8 plays a role in development 

of the immune system, including cell development and differentiation, the hypothesis that 

the BXH-2 defect could be imputable to a lower number of phagocytes in these mice has 

been excluded since we observed similar numbers of macrophages in B6 and BXH-2 mice 

(data not shown). Therefore IRF-8 may control expression of certain macrophage proteins 
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essential for defenses against intracellular pathogens. The second defect is detected later in 

infection, and is reflected by the unique lesions developed by BXH-2 mice at the site of 

infection (Fig. 7). Formation of well structured granulomas around infected macrophages is 

a critical host response against M. tuberculosis in order to restrict microbial replication, and 

importantly prevent dissemination. Cytokines such as IFN-γ, IL-12 and TNF-α are essential 

for granuloma formation (43). Examination of lesions in BXH-2 mice identifies extensive 

microbial replication in macrophages that are positive for the key bactericidal enzyme Nos2. 

The granulomas formed in BXH-2 are strikingly different, with different size, and cell 

composition, with extensive damage to surrounding tissues with extracellular bacilli often 

seen in liver sections. Further, there appears to be rapid and extensive dissemination of the 

infection from the lungs to spleen and liver. These observations suggest that IL-12 

dependent polarization of the T-cell response is abrogated in BXH-2, leading to failure to 

contain infection.

Together, our findings in the BXH-2 mouse identify IRF-8 as a previously unsuspected but 

critical regulator of host response to the tuberculous bacillus. Studies are underway to 

determine if susceptibility to mycobacterial infections in MSMD (Mendelian susceptibility 

to mycobacterial diseases) patients are associated with loss-of-function mutations in the 

human IRF-8 gene.
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Figure 1. IRF-8, IFN-γ, IL-12, and TNF gene expression following aerosol infection (30 and 70 
days) with M. tuberculosis
(A) Genes (IRF-8, IFN-γ, IL-12, and TNF) expression ratios (fold change in comparison to 

uninfected controls) for C57BL/6J (B6) mice 30 (grey bars) and 70 (white bars) days 

following infection. A ratio of expression with a relative unit of 1 indicates no gene 

modulation. All genes evaluated were statistically significant with a t test p value < 0.05 and 

a q value of 0.005. (B) RNA samples (prepared from three mice separately) from uninfected 

control and M. tuberculosis infected lungs of B6 mice were used for RT-PCR amplification 

using 25-30 PCR cycles. β-actin mRNA expression was used as an internal control. All PCR 

products were analyzed by agarose gel electrophoresis.
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Figure 2. Effect of the IRF-8R294C mutation on replication of M. tuberculosis and on survival 
following infection via the intravenous route
B6, C3H, and BXH-2 mice were infected i.v with 104 M. tuberculosis H37Rv, and survival 

was monitored during 250 days (A). The number of mice in each group is indicated (n). B6, 

C3H, and BXH-2 mice were infected i.v with 104 M. tuberculosis H37Rv and the numbers 

of M. tuberculosis bacilli were enumerated in the spleen, the liver, and lungs (log10 CFU) at 

10 days (B) and 19 days (C) post-infection. Horizontal bars represent means of CFU counts 

for each group. Asterisks indicate that the number of CFU counts between B6 and C3H (*) 

and between C3H and BXH-2 (**) are statistically significant (P<0.05, unpaired Student's t 

test).
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Figure 3. Effect of the IRF-8R294C mutation on replication of M. tuberculosis following infection 
via the aerosol route
B6, C3H, and BXH-2 mice were infected via the aerosol route with 102 M. tuberculosis 

H37Rv, and the numbers of M. tuberculosis were enumerated in the spleen, the liver, and 

lungs (log10 CFU) at 30 days (A) and 45 days (B) post-infection. Horizontal bars represent 

means of CFU counts for each group. Asterisks indicate that the number of CFU counts 

between B6 and C3H (*) and between C3H and BXH-2 (**) are statistically significant 

(P<0.05, unpaired Student's t test).
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Figure 4. IRF-8, IL-12p40, IFN-γ, Nos2, and TNF-α mRNA expression in lungs following aerosol 
infection with M. tuberculosis
Total lung RNA (2 individual samples per experimental group; 12 in total) from controls 

and from M. tuberculosis infected B6, C3H, and BXH-2 mice (at day 45) was prepared and 

used for RT-PCR (25-30 cycles). β-actin mRNA expression was used as an internal control. 

All PCR products were analyzed by agarose gel electrophoresis.
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Figure 5. Serum cytokine production by M. tuberculosis-infected B6, C3H, and BXH-2 mice
Mice were infected with 102 M. tuberculosis H37Rv by the aerosol route and serum 

cytokine production was evaluated at 30 days post-infection. Quantitation of serum IFN-γ, 

IL-12(p70), TNF-α, and MCP-1 was determined by a Milliplex™ assay. The results were 

obtained from 4-5 individual mice per experimental group. ND, non-detectable.
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Figure 6. Kinetics of T cell response in the lungs of M. tuberculosis-infected B6, C3H, and 
BXH-2 mice
Mice were infected with 102 M. tuberculosis H37Rv by the aerosol route and the number of 

IFN-γ-producing CD4+ and CD8+ T cells were enumerated in the lungs at 15 and 30 days 

post-infection (A). In parallel, the number of antigen-specific, IFN-γ-secreting T cells in the 

lungs (total cells) was evaluated by Elispot assay (B), using a crude M. tuberculosis sonicate 

as antigenic stimulus, and RPMI culture medium as control. Results are from pooled lung 

cells obtained from 4 mice per experimental group. Individual experimental points are 

representative of measurements performed in triplicate.
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Figure 7. Histopathology of B6 and BXH-2 mice following aerosol infection with M. tuberculosis
Control B6 and BXH-2 mice were infected by the aerosol route with 102 CFUs of M. 

tuberculosis, and 45 days later lungs and livers were harvested, and processed for 

immunocytochemistry as described in Materials and Methods. Briefly, tissue sections were 

stained for acid-fast bacilli (red), while nitric oxide synthase (NOS2) was detected by 

immunocytochemistry (brown); sections were counterstained with methylene blue. (A) Low 

power (55×) of B6 lungs; (B) High power (563×) of B6 lungs; (C) Low power (55×) of 

BXH-2 lungs; (D) High power (563×) of BXH-2 lungs; (E) Low power (55×) of B6 liver; 

(F) High power (326×) of B6 liver; (G) Low power (55×) of BXH-2 liver; (H) High power 

(326×) of BXH-2 liver.
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